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INTRDDUCTION 

M d e n  evolutionary theories presuppose a period of chemical evolution which 

continues gradually towards the point in time when the macromolecules previously 

abiotically formed reproduce themselves in a manner which we may consider char- 

acteristic of "living processestt. Current extraterrestrial studies have inten- 

sified the need to establish the period during which life processes began on 

earth, as well as a method for unambiguous detection of their past or present ex- 

istence. 

hydrocarbon constituents of a representative spectrum of ancient sediments and 

oils, for the presence of life processes at least as early as 2.7 billion' years 

This paper presents evidence, deduced from chemical analysis of the 

.&@* .m- L:-L *-----I 
lilt: Il l .&l Lf2VOA d e ~ & ~ ~ ~ ~ i i ~  01 'u " le  b h h g i d .  processes L i l i e d  by UUT 

results calls for  the inception of bio-organic evolution at a substantially 

earlier period. 

The chemical approach involves the identification of "biological markers" 

from among the organic compounds present in ancient sediments, %io- 

* 
A preliminary commnication on part of this work has appeared: T, Belsky, R. 
B. Johns, E, D, McCarthy, A. L. Burlingame, W. Richter and M. Calvin (1965) 
Nature, 206 446. 
Part I: Eglinton G., Scott P. M., Belsky T., Burlingame A, LO, Richter W., 
andGlvin M. (in preparation) "Occurrence of Isoprenoid Alkanes in a ke- 
Cambrian Sediment". 
Present address : 

-' ** 

Advances in Organic Geochemistry, Vol 2, Pergamon Press. - *** University of Melbourne , Parkville 
Victoria, Australia 

Basel, Switzerland 
Present; address: 1io-n la ~ n c h c  Pharmaceutical GL (Giva-1 **** 
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\ c 
logical markers'' are compounds which show reasonable chemical stability to 

diagenesis and possess a marked specificity of structure understandable in 

tern of known biosynthetic sequences and whose formation is of low proba- 

bility by abiological synthesis, 

tic origin of any particular compound viewed in isolation may be indeter- 

minate and, therefore, the significcmce of the marker must be evaluated 

against the background of the accompanying extractables . Furthermorc , the 
evaluation of the results from any one sediment is limited unless they can 

be placed in a time perspective provided by analysis of other samples of 

differing age, 

al specificity, 

tive analytical techniques for isolation (gas chromatography) and character- 

ization (mass spectrometry) made an initial analysis of hydrocarbon consti- 

tuents particularly attractive. 

conjecture as to the evidence of biological processes, it is desirable to 

As Degens (1964a) points out, the synthe- 

Isoprenoid hydrocarbons fulfill the requirement of structur- 

Such considerations, as well as the availability of sensi- 

In order to secure an even firmer basis for 

identify as broad a spectrum of biologically significant molecules as possible 

(fatty acids and derivatives, etc.) and it is our intention to extend our ana- 

lytical procedures, In this respect, the occurrence of steroid and triterpene 

hydrocarbons in the Soudan and Green River Shales have been reported from this 

laboratory (Burlingame - et -* a1 , 1965 ), 
identify the isoprenoid alkanes , phytane (I) (2,6,10,14-tetramethylhexadecane) 

and pristane (11) (2,6,10D14-tetramethylpentadecane) , as primary markers of 
biological origin. 

For the present we have sought to 

I I1 

Other homologies identified are considered to be collateral markers fitting 

the outlined requirements. 
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The carbonaceous shales examined in t h i s  report  are the  Soudan Shale 

from Minnesota (- 2.7 x lo9 years) and the  Antrim Shale from Midland County, 

Michigan (about 265 x lo6 years). A typical San Joaquin Valley O i l  (about 

30 x lo6 years) and oil  from the  Abbott Mercury Mine in Lake &.mty,  Calif- 

ornia (about 3 x lo6 years) have also been examined. 

with a fu r the r  study of the Nonesuch O i l  (1 x lo9 years) and a comparison 

with the Green River Shale (about 50 x lo6 years) provide exaqles ranging 

These samples, together 

up to the  oldest  carbonaceous Precambrian sediment hown on the  North he r -  

ican continent. 
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EXPERIMENTAL > 1 

An earlier paper (Eglinton - et -* a1 , 1965) detailed the method of pul- 
verization, extraction, isolation of the hydrocarbon fraction and its separ- 

ation (by partition chromatography over TLC grade neutral alumina) into three 

major fractions: "Total", "Normalt1 and "Branched Cyclic" alkanes. 

alkanes represent the first successive eluates in n-heptane from an alumina 

colunm which show minimal absorption in the ultraviolet at about 270 mp. The 

"Normal" alkanes are those straight chain molecules occluded in a 5 A mlecu- 

lar sieve when the "Total'' fraction and sieve are heated together in boiling 

benzene. The fraction remaining after treatment with the sieve represents the 

"Branched Cyclic" alkanes. 

lated by gas-liquid chromatographic procedures and identified by mass spectro- 

metric techniques. 

hexyl alkanes, the three new homologies reported in this paper, are illustrated 

in Figure I. The three successive GLC liquid phases used for  purification of 

conpounds were SE-30 silicone gum rubber, tetracyanoethylated pentaerythritol 

and seven-ring-meta-polyphenyl ether. A1 1 gas-1 iquid chromatograms reproduced 

in this paper, with the exception of Figure I, were run with column conditions 

as follows: 10 ft. x 1/16 in.; 3% SE-30 on 100-120 mesh Gaschrom Z; 20 ml/min. 

nitrogen at 50 psi; temp. programmed at 6'/min. ; detector 250' , injector 300' 

(Aerograph Model 665-1). 

separation and purification procedures of the Nonesuch Shale Oil, were run with 

the following c o l m  conditions: 10 ft. x 1/4 in.; 3% SE-30 on 80-100 mesh 

Chromsorb W(DMcS) ; 60 ml/min. helium; detector 245' , injector 280' (Aerograph 

Model, A-90-P2). 

The "Total" 

From this last fraction the isoprenoids were iso- 

The procedures for isolation of - iso-, anteiso- and cyclo- 

The gas-liquid chromatogram in Figure I, showing the 

Mass spectra were detemined on a modified C.E.C. 21-103C mass spectrometer 

(Walls and Burlingame, 1965) equipped with heated glass inlet system operated 
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at ZOOo. 

ing current of 10-SOP amp. and 160 to 180 volts per stage on the multiplier. 

Representative samples were examined in a direct inlet system (Burlingame, 

1965). 

isoprenoid alkane, the probe used for introduction of the sample w a s  cooled 

with liquid nitrogen to avoid pwnping off small samples. 

cleaned prior to introduction with a 4:l mixture of freshly distilled benzene 

and methanol, and then handled only with "Kimwipes". 

conds for the mass range m/e 90-600) was employed for samples of 15 g or less 

with prior background scanning. Representative samples of normal alkanes were 

isolated and identified mass spectrometrically; the remainder were character- 

ized on the basis of gas chromatographic retention times. Colorado Green Ri- 

ver Shale "nomals" collected from an SE-30 phase contained components having 

one, two and three degrees of unsaturation, as evidenced from the mass spectrum. 

C19 and C20 isoprenoid were identified by direct comparison of the mass spec- 

tra with those of authentic pristane a id  pkytzm. 

prenoid alkanes, along with the - n-allyl cyclohexanes, - iso- and anteiso-alkanes, 

were deduced from the mass spectral fragmentation patterns. 

are given for all isolated samples and the intensities of mass spectral peaks, 

which are off-scale due to the choice of the reference peak, are given in 

Table 111. 

All spectra were determined at ionizing voltage of 70 e.v. , ioniz- 

In the case of more volatile fractions like those containing the c16 

Capillaries were 

Fast scanning (30 se- 

P 

%c r- -- C' --: Cz1- iso- -10 '18 

The mass spectra 



RESULTS b 

Soudan Shale - 
The oldest carbonaceous Precambrian sediment known on the North American 

continent is the Soudan Shale of northeastern hlinnesota in the Lake Superior 

region (Cloud, Jr., et al., 1965). 

ing 3 billion years, determined by the age of a granitic intrusion which is 

This shale has an age of deposition approach- 

known by isotopic methods to be 2.7 ? .2 x 10 9 years. The geological relat- 

ionships of the Soudan Iron Formation are given by Caldich (1961). 

samples of shale analyzed were provided by Professor P. E. Cloud, Jr., of the 

University of California at Los Angeles; Sample (I) of the Soudan Iron Form- 

ation was cut from a surface exposure north of Tower, blinncsota, and is strati- 

graphically related to Sample (11) from the 21st Level of the Soudan Iron Mine, 

 SOU^, Minnesota, at a depth of 1,800 feet below ground. 

The two 

Sample (I) was prepared by cutting off the outer 1/4 inch of surface mat- 

erial; the inner core was taken and crushed to a particle size of less than 2 

mm, sonicated in solvent (benzene-methanol, 4:l) and only then pulverized for 

extraction. 

1965). 

tion in benzene-methanol (4:l) as solvent, 0.286 gm of soluble material. 

n-heptane solubles (0.28 gm) after alumina chromatography yielded a 'Total" 

alkane fraction of 0.24 gm. 

Great care was taken to avoid contamination (Eglinton et al., 

In a typical experiment 600 gm of powdered shale yielded, on sonica- 

The 

Sample (11) was sonicated to wash off any surface contamination and then 

pulverized for extraction in the same manner. Powdered shale (570 gm) on son- 

ication in benzene-methanol (4:l) yielded 2 .2  gm of sbluble material which ap- 

peared to contain a considerable amount of sulfur. The - n-heptane solubles 
were passed down a colloidal copper column to remove sulfur (Blumer, 1957) 

and yielded a "Total" alkane fraction of 0.005 gm. 
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The GLC patterns of the "Total" alkanes of Samples (I)  and (11) are com- 

pared in Figure 11. 

"Branched Cyclic" and t'Normal'' alkane fractions of the surface Sample (I) are 

shown. 

C21-isoprenoid (IV) alkanes were isolated from the "Branched Cyclic" fraction 

(.22 gm) of Sample (I) and identified by their mass spectrometric fragmentation 

patterns. 

isolated from this shale, together with those of authentic pristane and phy- 

tane, Figures VI11 and IX. 

2,6,10,14-tetramethyl heptadecane, the regular isoprenoid. 

239 is somewhat mre intense than expected for this structure but might be a 

In Figure I11 the gas chromatograms of the "Total", 

Samples of c18' (111),  C19- (pristane, I ) ,  C20- (phytane, 11) .  and 

Figures IV-VI1 give the mass spcctra of the c18 to CZ1 isoprenoids 

For the C21 isoprenoid we suggest structure IV, 

The peak at m/e 

contribution from 

should have a GLC 

the C20 iso-alkane o r  C19 anteiso-alkane; the CzO - iso-alkane 
time 

retention/ similar to that of this CZ1 isoprenoid compound. 

. 169 
I '  ' I  

99 211 
r -  - 

71 
* -  - 

14 1 
_ .  

Although a pure sample of the c16 isoprenoid was not isolated, mass spectrometric 

data indicates its presence in a mixture. The c16, C18, Cly, C20 and C21 isopre- 

noids appear to ozeiir in the ratios of 1:3:5:3:1 and constitute about 3.3% (as 

determined from the gas chromatogram) of the "Branched Cyclict' alkane fraction. 

Although the normal alkanes nominally run from C 

hydrocarbons are represented by the n-C15 to n-Cz0 alkanes, inclusively. There 

is also tentative mass spectrometric evidence for the presence of C30 saturated 

and unsaturated isoprenoid hydrocarbons . 

to C32, 98% of the normal 13 

Mass spectra of several fractions 
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collected from the squalane region of the vapour phase chron-ntogr,m show sim-' 

ilarities to the spectnm of authentic squalane. 

Nonesuch Seep Oil - 
The Mnesuch Seep Oil has been analyzed previously in detail for isopren- 

oids and CIS, c16# C19 and Cz0 isoprenoids have been reported (Eglinton et al., 

1965). 

prenoid (most probably the regular CZ1 isoprenoid structure with an impurity 

contributing to the m/e 239 peak,cf.Soudan). 

the existence of a C18 isoprenoid. 

homologous series: the C16, C17, C18 - iso-alkanes, the c16# C1, and C18 anteiso- 

alkanes, and the CIG t o  C19 - n-alkyl cyclohexanes. The "Branched Cyclic" alkane 

pattern suggests that the Nonesuch Oil is composed of a series of homologues and 

analysis of several successive doublets has confirmed this assumption. 

(I) illustrates the procedure adopted to analyze a representative GLC "cut". 

The pattern of elution of the - iso- and anteiso-alkanes, as well as that for the 

cyclohexyl-normal alkanes, is predictable up to about carbon number C19. A 

striking feature of Figure X is the similarity of the patterns for the Antrim 

Shale, Mohesuch Oil and Soudan Shale, which has made possible the prediction of 

the molecular compositions of maxima related to one another by their order of 

elution from the GLC column. 

isolated from the Nonesuch Shale were identified by their highly characteris- 

tic mass spectral fragmentation patterns. 

ion at m/e 83, corresponding to the highly favorable cleavage of thc alkyl 

Figure XI gives the mass spectrum of the recently identified C21 iso- 

Evidence has also been found for 

Further analysis has yielded three new 

Figure 

The new series of c16'c19 - n-alkyl cyclohexanes 

All exhibit an extremely abundant 

chain leaving the cyclohexyl carbonium ion (V). 
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The mass spectrum of authentic c16 n-decyl cyclohexane (API t1009) is given 

in Fiwre XII, together with the mass spectra of the C16-C19 n-alkyl cyclohex- 

anes isolated from the Nonesuch Shale (Figures XIII-XVI). 

alkanes proceeds with some loss of methyl radical and a strong loss of the iso- 

propyl radical. The mass spectra of the isolated iso-alkanes are given in Fi- 

@res MI-XX, together with that of authentic (MI R983) c16 iso-alkane (2- 

methylheptadecane, Figure XVII). The anteiso-alkanes can be identified mass 

spectrometrically by a very pronounced loss of an ethyl radical. 

- 
- 

Fragmentation of iso- - 

- 
- 

See Figures 

XXI-XXIV where Figure XxrJ(AP1 11472) is authentic C21 anteiso-alkane (3-meth- 

yleicosane) . 
Antrim Shale 

A sample of Antrim Shale from Midland County, Michigan, was provided by 

hfr. R. D. hktthews of Dow Chemical Company in the form of a core taken from a 

depth of 2,608 feet. This shale has been dated from spores as Late Devonian 

in age, about 265 x lo6 years (Matthews) and is the northern part of a large 

deposit which extends to the South and is referred to there as the Chattanooga 

Shale (Breger and Brown, 1963). The carbonaceous Antrim Shale is rich both in 

total carbon content and in extractable organic material (Table I ) ,  The core 

sample, prepared for extraction by the procedure described for the Soudan sam- 

ple, yielded 2.2 gm extractable material from 480 gm of the powdered shale. 

- n-heptane solubles were separated into a 'Total" alkane fraction (0.54 gm) in 

the usual way. The GLC patterns are shown in Figure XXV. 

Clg, C20 and C21 isoprenoid alkanes were isolated from the "Rranched Cyclic" 

alkane fraction (0.26 gm) and identified by their characteristic mass spectro- 

metric fragmentation patterns (Figures XXVI-XXX). The mass spectra of the C19 

and C7n isonrenoids isolated from *this shale are differmt emugh from those of 

The 

Samples of c16, c18# 
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pristane and phytane that 2,6,10-trimethyl hexadecane, structure V I ,  and 

2,6,10-trimethyl heptadecane, structure VI1 , or 7,ll-dimethyl octadecane, 
structure V I I I ,  would seem to fit the data better, It should be noted that 

in the case of a slightly impure sample, distinction between structures I1 and 

V I  would be particularly difficult bccause one is only dealing with a differ- 

ence of five methyl groups versus six. This may serve to illustrate the 
- - 113 I - -  197 - -  127 

L I 

, j  
! I 

183 i 
I . .-.. 

43 VJ 113 
- 197 127 - __ , 

I 

I I t  113 183 - 
V I 1 1  

/ - n w  n 
I 

I I 
I - - _' V I 1  . 

113 183 43 
caution that must be used in assigning the structure of pristane or phytane to 

a sample on the basis of mass spectral peaks at m/e 113 and 183, or 113, 127, 

183 and 197. 

to which we assign a five, six or seven membered chain all show a very similar 

fragmentation pattcrn. Sincc the CZ1 isoprenoid is obviously impure, an unam- 

It is interesting t o  note that the C18, C19 and C20 isoprenoids 

biguous definition of the structure is not possible. 

is considered to be contributed by an impurity, then the remaining fragmenta- 

tion pattern could be interpreted in terms of a regular CZ1 isoprenoid. 

should note also that the spcctrwn is very similar to that of the Nonesuch CZ1 

isoprenoid (Figure XI). 

Figure XXXI gives the mass spectrum of a mixture of C 

member of t h e  - iso-series, the c16 &-alkane (Figure XXXII) was also identified. 

If the peak at m/e 239 

One 

Cyclohexyl-2-alkanes are present in the Antrim extracts; 

and C19 compounds. One 18 

Sari Joaquin Oil - 7 

A sample of a typical San Joaquin Valley Oil was provided by the courtesy 

The oil of Dr. L. Lindemann of the California Rcsearch Corporation, Richmond. 
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is considered to be about 30 x lo6 years old (Lindemann) and the source rocks 

are thought to be of marine deposition (Lindemann). 

solved in - n-heptane and chromatographed over TLC grade neutral alumina in the 
A sample (3.1 gm) was dis- 

usual way (Eglinton et a1 1965). The "'Total" alkane fraction separated 
XXXIIT. - -* , 

weighed 1.21 gm. The GLC patterns are shown inAXsoprenoids c16, C18, C19 

(pristane) and Cz0 (p hytane) were isolated and identified mass spectrometri- 

cally (Figures XXXIV-rwrvII) and were found to be present in approximately 

equal proportions . 
Abbott Rock Oil -- 

Abbott Mercury Mine Seep Oil and samples of frothy, siliceous Source 

Rock from Lake county in northern California were provided by Dr. E. Bailey 

of the U. S. Geological Survey, Men10 Park. The oil, which is occluded in 

siliceous froth veins deposited in surrounding h e r  Cretaceous shale, is con- 

sidered to have been deposited contemporaneously with the mercury deposit and 

cannot, therefore, be greater in age of deposition than about 3 x 10 years 

@ziky e t  a l , ,  1961). 

verization and sonic extraction, 6.1 gm of benzene-methanol solubles. 

ple of this extracted oil (1.7 gm) was dissolved in - n-heptane, centrifuged and 
the soluble fraction separated on a neutral TLC grade alumina column (Eglinton 

6 

The siliceous Source Rock (49 gm) yielded, after pul- 

A sam- 
-- 

- et -* a1 , 1965) into a "Total" alkane fraction (0.65 gm). The GLC patterns of 

+he 'TQ+s~", *%rm-ched Cyclic" and "Normal" alkane fractions are shown in Fig- 

ure XXXVIII. 

regular) isoprenoids were isolated and identified by mass spectrometry (Figures 

M X - X L I I ) .  

that the mDde of deposition in silica required an "abiogenictt origin (Sylvester- 

Samples of c18, C19 (pristane), C2o (phytane) and C21 (probably 

Our attention was first drawn to this oil by a paper suggesting 

Bradley, 1964). 

oil in agreement with its known geological history (Bailey, 1959), whose GLC 

pattern differs from that of an abiogenic oil (Eglinton et al., 1965). 

Our results suggest that this is a normal, biologically formed 
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DISCUSSION 

Migration 

Before implications can be drawn from the hydrocarbons ident i f ied in  the 

samples reported here, one must consider the problem of whether or  not the hy- 

drocarbons and t h e i r  precursors extracted from the rock samples a re  contemporary 

w i t h  the  sedimentary deposit o r  resu l t  from l a t e r  migration from some outside 

source. In both the Abbott Source Rock and t h e  Calcite Vein inclusion in  the 

Nonesuch Marker Bed, the entrapped o i l  can be seen encased i n  the surrounding 

matrix and the problem of seepage does not arise. In the shale samples, how- 

ever, the problem is less eas i ly  resolved. 

has been t o  determine the C l 3 / C I 2  r a t io s  for  t h e  extractable hydrocarbons and 

the non-extractable kerogen. 

of i t s  chemical nature, has not migrated from t h e  sediment with which it was 

or iginal ly  formed. 

gotten tha t  geochemists have l i t t l e  detai led knowledge of the t rue  nature of 

kerogen o r  the conditions of i t s  forni t ion (Degens, 1965). 

the Geophysical Laboratory of the Carnegie Ins t i t u t ion  of Washington has recent- 

l y  made a study of the C13/C'2 r a t io s  f o r  a var ie ty  of sedimcnts ranging i n  age 

up t o  the Precambrian (Hoering; Cloud, Jr. e t  a1 1965). For the majority of 

sediments thc isotope r a t io s  fo r  the extractable hydrocarbons agree reasonably 

w e l l  with the values obtained fo r  the kerogen, but with Precambrian samples in- 

consistencies are  more numerous. The Nonesuch Shale (1 x 10 years) (Hoering; 

Barghoorn, Meinschein a d  Schopf, 1965) and the Gunflint Chert from Ontario, 

Canada (2 x 10  years) (Hoering; Barghoorn and Tylcr, 1965), show a su i tab le  

measure of agreement fo r  the  two types of carbon, but the Soudan Shale irom 

the Sou& Mine does not (Hoering). 

0 

One approach t o  t h i s  d i f f i cu l ty  

The assumption is  made tha t  the kerogen, because 

While t h i s  is an a t t r ac t ive  hypothesis, it must not be for-  

D r .  T. IIoering of 

- -* 

9 

9 

A value for d C13 of -34.54 ppm was obtained fo r  thc methanol insoluble 

"kerogen" t o  be compared with a 6 C 1 3  value of -25.06 to-25.99 ppm for  the 
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methanol soluble carbon of the Soudan Mine sample. 

on the surface sample ( I ) .  

No ana,ysis has been done 

The difference between the s CI3 value of -22 to 
-27 ppm determined for extractable organic carbon in both ancient and recent 

sediments compared with values of about -13 ppm from contemporary carbonates is 

accounted for in  tern of photosynthetic fractionation (Park and Epstein, 1960; 

Abelson and Hoering, 1961), leading to a lower C13 isotope composition and, 

correspondingly, a more negative 6 C13 value. 
the C13/C1' ratios of the extractable and non-extractable carbon might be inter- 

The significant difference between 

preted as an indication of their separate origins. 

after initial deposition is known to occur very rapidly in the initial stagcs 

(Pettijohn, 1957; .Jones, 1944; 1946). but even an initial deposition period of 

hundreds of millions of years is small in comparison to the age of the .%udan. 

Migration of hydrocarbons from outside sources into compacted sediments may be 

possible, but only in oil-producing areas (Degens, 1964b)--which is not the phy- 

sical environment of the Soudan formation. 

Cbmpaction of a sediment 

Migration could imply a lack of homogeneity in the sampie anci, accordhgly, 

we have made a preliminary examination of the hydrocarbons released from our 

powdered surface Sample ( I )  by digestion in hydrofluoric acid, after previous 

exhaustive solvent-extraction of the powder with benzene-methanol. The results 

are in accord with those of Meinschein 

dissolutions of the shale from the Soudan Mine, has also conclucieci from the dis- 

(1965). who, on the basis of stepwise 

tribution patterns that the alkanes originated within the sediment. 

The Soudan Shale is met'mrphosed and may have been subjected to a temp- 

erature as high as 350' or 4OO0C (Cloud, Gruner and Ilagen, 1965). 

cation of the deposited organic materials may have been brought about by this 

heat treatirerrt, 

Some modifi- 

This dses not  explain the low C13 content of the Soudan kero- 

gen, however, since simple thermodynamic arguments as well as the pyrolysis 



- 14 - 
7 

experiments of Abelson and Hoering (1962/1963) demonstrate t ha t  degradation of 

organic compounds leads t o  the preferent ia l  release of C 

molecular weight fragments and to  t h e  retention of C13 in  the non-volatile high 

molecular weight residue, 

i n  the vo la t i l e  low 1 2  

The 6 C 1 3  value fotrnd fo r  the  extractable carbon from the  Soudan Shale is 

comparable with tha t  found i n  other ancient sediments, and t h i s  emphasizes the 

experimental result t ha t  the 6C13 value found fo r  t h e  kerogen is abnormally 

high, This high 6C13 value for  the Snudan and most other Precambrian sedi- 

ments is amenable t o  ra t ional izat ion i f  we assume tha t  the kerogen derives from 

spec i f ic  source materials within the sediment , 

systems it has been shown t h a t  metabolic processes not only r e su l t  in a general 

enrichment of c~~ over ~ 1 3 ,  Iiut a lso lead t o  isotopic fractionation among d i f -  

ferent  constituents of the ce l l .  For example, the plant l i p i d  f ract ion is en- 

riched i n  C1* as compared w i t h  thc CI2 level  of tlie plant as a whole (Park and 

lipstein, 1961; Park and Dunning, 1961). 

For contemporary biological 

From the evidence available on the na- 

tu re  of kerogen (lk.gens, lYbS), it is  c l ea r  t h a t  a difference does e x i s t  between 

Precambrian and Recent or  Tertiary kerogen. I t  is par t icu lar ly  s ignif icant  t ha t  

Hoering (1965), by oxidizing kcrogen from a Precambrian sediment of over 3.2 x 

lo9  years, isolated an abundant y ie ld  of f a t t y  acids (C16 t o  C Z 4 ) .  I t  is known 

tha t  lignin-type materials, coimnly thought t o  be the normal precursors of re- 

cent kerogen, c m e  rather  l a t e  in  the evolution of biochemicals (Degens, 1965) 

and hence the higher 6CI3 value observed f o r  the ear ly  Precambrian samples, 

a r i s ing  presumably from l ip ids ,  is not unreasonable. 

t o  -33 ppm reported (Sackett -- e t  a l . ,  1965) f o r  contemporary phyto- and ZOO- 

plankton as a re f lec t ion  of temperature var ia t ion  i n  t h e i r  d i s t r ibu t ion  over 

the Atlant ic  Ocean emphasizes thc care necessary i n  assigning significance t o  

the 6 ~ 1 3  determination. 

The 6CI3 values of -19 
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While, at present, it seems that C13/C1' ratios cannot be used as evidence 

in favor of migration of the extractables into the Soudan Iron Fonnation, one 

must bear in mind that our arguments for the indigenous nature of the organic 

matter are tentative. 

be taken as an argument against the indigenous nature of the extractables. 

conflicting evidence of hkinschein leaves this problem unresolved. 

The thermal history of the Soudan Shale extractables may 

The 

Genesis - of Rio-organic Compounds 

Isoprenoid hydrocarbons represent a significant proportion of the alkanes 

isolated from the sediments and oils which we have examined and, in fact, tend to 

proportionately increase with the age of the source. 

and later periods presents no problem. 

(Eglinton -.I.* et a1 1965), we earlier suggested that the presence of the isoprenoid 

homology, in particular C19 and Cz0 isoprenoids, was at least presumptive evidence 

for life processes at the time of deposition one billion years ago. 

sion 

bkinschein and Schopf ji965j of ~ A C  N G T ~ ~ S G C ~  Shale md hy Rarghoorn's w identification 

of acceptable morphological remains* in the Gunflint Chert (Barghoorn and Tyler, 1965), 

which is dated at 1.9 billion years. 

the recognition of pristane and phytane among the hydrocarbon extractables of the 

Gunflint Chert further strengthens the chemical approach. 

the isoprenoid homology in a3Li three s a i l e s  shmn in Figure X is strongly indica- 

tive of a biological origin for the extractable hydrocarbons f r o m  the Sou& Shale 

and, therefore, [assuming them to be indigenous] of the existence of life processes 

at the time of its deposition. 

homologous steranes (Burlingame - et -. a1 ' 1965), themselves derived from isoprenoid 

Their presence in the Cambrian 

From our examination of the Nonesuch Shale 

This conclu- 

has been substantiated both by the comprehensive investigation by Barghoorn, 

The report by Or6 and co-workers (1965/6) of 

The identification of 

The indication in the Soudan extractives of the 

-- pLccwsors in contemporary sources, is further confirmation of our thesis. 

Very recently, Prof. Barghoorn also reported similar morphological renmants in 
the Fig Tree Formation from Swaziland, South Africa; this shale is considered to 

November 6, 1965 and The 
New York Times November 5, 1965.) - - -' 

* 

be 3.2 x 109 years old. (Reported in -- The Times (London) - 
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The s imi l a r i t i e s  exemplified in  1:igw-e X suggest t ha t  the high level  of 

development of thc biosyntlictical sequences which give rise to  the isoprenoid 

hydrocarbons did not greatly d i f f e r  over the nearly two b i l l i o n  years separating 

the deposition of thc Nonesuch from thc Soudan Shales and, fur thcr ,  t ha t  t h e i r  

inccpt ion and devclopncnt must have occ-:irred a t  an appreciably earlier time than 

2.7 b i l l i on  years ago. 

Any discussion of t h e  or igin of the hydrocarbons isolated from ancient sedi-  

ments must recognize a t  l cas t  two major determinants: the ecology a t  the time of 

deposition and the su twqient  diagenetic changes which occur id rock, 

aspect includes bacterial degradation ;.s well as non-biological transformation, 

which is extensive upon i n i t i a l  deposition. 

parison of FigurcXW of t h e  ,\ii?riri SI, b c‘ ,  of marine deposition (Cloud, J r . ) ,  and 

Figure XJ,III of t h e  Grecn River Shale, of non-mxrinc deposition (Eglinton e t  a l , ,  

1965; Robinson e t  a1 1 9 h S ;  Cloud, . J L .  I .  

the  
This latter 

These factors  are cmphasized by com- 

- -. , 
The isoprenoid pr is tane is com’ i ’y  isolated from animal and cspecially 

1962; Rlurner, marine sources (Sorenson and Stchlm, 1948; Hendoraitis e t  a1 

Mullin and Thomas, 1963; Mold e t  nl., ~963a)  , but it is noticeably lacking i n  con- 

temporary plants. Especially pertinent IS the  recent i so la t ion  of pr is tane and 

mono-olefins (IX), (X)  and (XI) with :he pr is tane skeleton from zooplankton 

(Blumer and Thomas , 1965b ) . 
would y ie ld  a form of pristane.  

- -* , 
-- 

Diagenetic hydrogcnation of these mono-olef ins 

IX X 

X I  X I  I 
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Hence, a substantial proportion of the geological pristane, at least from 

marine sources, could be derived fromprecursors of the same carbon number 

(nlumer and Thomas, 1965b). which has been isolated 

from natural sources such as butterfat (Ilansen and Shorland, 1953) and ox blood 

(hugh, 1963), as well as from petroleum (Cason and Graham, 1965), is a further 

possible precursor if subsequent diagenetic decarboxylation occurs. 

The isoprenoid acid (XII) 

Phytane presents a different problem, there being a paucity of reports of 

its isolation from living organisms (Ciereszko et a1 

sources. 

extracts. 

from chlorophyll in the source materials may be the precursor for phytane, and 

the recent report (Blumer and Thomas, 1965a) of the isolation of three isomeric 

phytadienes (XIII), XIV) and (.W) apparently derived from phytol in the diet of 

the zooplankton adds strength to this thesis. 

1963) and none from marine - -. * 
Yet phytane is an important constituent of petroleum oils and sedimental 

It has been suggested that phytol (Sendoraitis - et -** a1 1962) derived 

XI11 XIV 

I I 

A major contribution by chlorophyll-containing material in the Green River 

Shale (Eglinton - et -' a1 1965; Robinson -- et al, 1965) may be inferred from the pat- 

terns in Figure XLIII; hence, a study of the changes in the relative abundance 

of the paraffins in the Green River Oil-Shale, as a function of depth (Robinson 

- et -.' a1 1965), is pertinent to a discussion of the origin of the phytme. That 
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study has shown the phytane content decreases with increasing depth of the 

samples, concurrent with a proportional increase of the C C and C iso- 

prenoids. 

t o l  is the c o m n  precursor. 

19' 18 16 
This  r e su l t  is in  excellent agreement with the assumption tha t  phy- 

The increase in  the  proportion of i:19 isoprenoid r e l a t ive  t o  Cz0 isopren- 

oid i n  the marine sediments, such as  the Antrim, Nonesuch and Soudan, could be 

accounted for ,  a t  l e a s t  i n  pa r t ,  by the dirference in  t h e i r  ecologies, t ha t  is, 

the predomiriance of marine organisms resu l t s  in  a consequent increase i n  the 

proportion of pristane.  

The isoprenoid homology C16, C18, CI9 and Cz0 has been ident i f ied  in  the 

Green River, Antrim aid  Soudan Shale extract ives ,  and i n  the Nonesuch O i l .  

From the GLC patterns there  is l i t t l e  tloubt tha t  t h i s  homology ex i s t s  i n  other  

samples we have examined but have not analyzed i n  de t a i l .  The eluates  corres- 

ponding t o  GLC mrucirna i n  the Green R i L e r  Shale Branched Cyclic alkane pat tern 

between the C16 and C18 isoprenoids have been isolated but do not contain any 

C17 isoprenoid. 

Branched Cyclic alkanes from the Antrim and Soudan Shales and the Nonesuch O i l  

i n  the  regions between the C16 and C18 isoprenoids. 

of the Antrim, a mass spectrometric survey of these f rac t ions  has produccd no 

evidence f o r  the presence of a C17 isoprenoid. 

Similarly, we have tahcn small, successive CLC cuts  of the 

With the possible exception 

I f  phytol is regarded as the prccursor of phytane, t h i s  conversion may be 

considered t o  occur by several, but re la ted,  pathways. 

g ica l  diagenetic processes, such as sa tura t ion  and dehydration reactions , it is 

possible t o  envisagc the conversion of phytol t o  phytane. 

carboxylation and saturat ion could lead t o  pr is tane.  

with the  above, we suggest anotlier sequence which is more general i n  its scope. 

I f  phytencs o€ thc type (XVI) t o  ( W I I j  are  formed during compaction of the 

sediments and are cleaved diagenet ical ly  a t  the preferred posi t ions for  chemical 

By a sequence of abiolo- 

Again, oxidation, de- 

Alternatively,  o r  pa ra l l e l  
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‘ attack, namely the double bonds, then the C19, C18 and Clb isoprenoids will re- 

sult; but for the formation of the C17 isoprenoid two cleavage points as in (XIX) 

XVI M I  

I ’  J C t l  .,‘ 
‘16 & c,? 

XVIII XI x c, 9 

are required, and we suggest that the probability of such a sequence is low. 

This mechanism will also pennit the C19 mono-olefins (1X)to (XI) and the phyta- 

dienes (XIII) to (XV)  to contribute as precursors to this homologous series. 

Our findings are complemented to some extent by the work of Cason and Graham 

(1965), who have found in petroleum the Cll(%odair, 1965) , C14, C15, C19 and 
Czo isoprenoid acids but no C1, or C18 acids, in accordance with the proposed 

mechanism. 

would also require cleavage at two points. 

require oxidation of a methyl group, also an unlikely process. Similar reasoning 

would explain the absence of C12 and C13 isoprenoid acids, whereas the absence of 

‘16 
2,6,10-trhethyl hexadecane, structure (VI), soiilb be viswlized by degradation 

of squalane. 

In Figure X U ,  for example, m e  sees that 5xmth1 nf the C- acid I! 

The formation of the C18 acid would 

isoprenoid acid represents an anomaly. The foxmation of the C19 isoprenoid, 

The CZ1 isoprenoid has now been identified in four samples (Table 11). 

1963) only. The Previously, it was found in petroleum (Bendoraitis et al 

foxmation of the regular CZ1 isoprenoid (head to tail linkage) can be under- 

stmd en the basis of cleavage of an unsaturated Cz5 isoprenoid. 

- -.I*’ 
In a similar 



- 20 - 

manner, lower mehers of the se r i e s  b e l w  C15 may be considered as derived 

from famesol or farnesene, There is no current biological pa ra l l e l  fo r  the 

synthesis of the C20 isoprenoid, 2,6 ,lO-trimethyl heptadecane, s t ructure  (VI11 

Table I1  lists the normal alkanes and two fur ther  homologies, the - iso- 

and anteiso-alkanes which have been ident i f ied i n  our samples, 

the three ser ies  have been recognized among extractives of contemporary plants 

and animals, and these homologies may be regarded as "biological markers" i n  

their awn r ight ,  In an abiogenic o i l  kindly supplied by D r ,  C, Ponnampenuna 

kmbers of 

(Eglinton -- e t  a l , ,  1965) and made by a corona discharge 

methane, we have been unable t o  detect  the presence of 

suggesting the i r  formation. is not d preferred ab io t ic  

under these conditions, On the other !rand, analysis of 

f o m d  by the Fischer-Trupsch process indicates t ha t  a 

of normal alkanes seems t o  be the major constituent of 

* 

i n  an atmosphere of 

any normal alkanes, 

process, a t  l e a s t  

the hy drocarb om 

homologous se r i e s  

t h i s  mixture, 

Normal alkanes i so la ted  fran contemporary plant  sources c o m n l y  occur 

with carbon numbers greater than C20 CEglinton and Hamilton, 1963) and show 

an odd over even carbon nunber predominance (Eglinton and Hamilton, 1963; 

Oro, Nooner and Wikstrm, 1965). Normal alkanes from marine sources, how- 

ever, do not show my special  odd t o  even preferences (Koons e t  a l .  , 1965) 

and i n  that sense show an agreement w i t h  the resu l t s  obtained fran analysis 

of extractives of ancient sediments (Bray and Evans, 1965). Our own r e su l t s  

reported h e n  and summarized i n  Figure XLIV c lear ly  indicate t h a t  odd over 

even p re fe reues  i n  ancient o i l s  is unsatisfactory as a mark of biogenecity 

i n  older  sediments , No al ternat ion was observed i n  the - f l in t  Chert ex- 

t rac t ives  (Om , Nooner , Zlatkis , Wikstrom and Barghoorn, 1965) 

* 
We thank Dr, Sharkey of the United States  Bureau of Mines, Pittsburgh, fo r  
giving us t h i s  sample of the Fischer-Tropsch o i l ,  
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To account for the range in distribution, it is comnly suggested that 

the alkanes are formed by diagenetic modification of the fatty acids present 

in the biological source materials. From land sources fatty acids have been 

isolated in chain lengths of C14 to Cz0 and in marine sources from C 

In the latter case, C2" to CZ2 make up 1/3 to 1/2 of the total composition 

(Eglinton and Hamilton, 1963). For Precambrian sediments, where the organisms 

recognized are of a simpler structure (Barghoorn, Neinschein and Schopf, 1965; 

Barghoorn and Tyler, 1965), contemporary forms such as blue-grecn algae might 

be expected to reflect mre accurately the type of hydrocarbon and fatty acid 

precursors suggested by the hydrocarbon cxtractives. The identification of 

fatty acids with major constituents of carbon number C12 to C18 from blue-green 

algal mats (Parker and Leo, 1965) and our own isolation of n'C17 as the major, 

normal hydrocarbon constituent of the Nostoc variety of blue-green algae are 

pertinent with respect to the maximization in the distribution of the normals. 

The normal alkane distribution shown for the Green River Shale (Figures XLIII 

and XLIV) empasizes its non-marine origin (Robinson et a1 

interpreted as due to a significant contribution by land plants to the organic 

source materials (Eglinton et al., 1965). 

to Cz6. 20 

- 

1965) and can be - -' 

The branched chain fatty acids derived fromlipids are a possible source 

for the iso- and anteiso-alkane homlogies. The Cl0 to cz6 -ranched acids 

and the C, to C31 anteiso-branched fatty acids are constituents of hair (Deuel, 

Jr.), while in bacteria the CIS and C17 iso-acids are the major constituents of 

of the lipid fraction isolated from Bacillus subtilis and the ClS anteiso-acid, 

i.e., major component of Micrococcus lysodeikticus (Shorland, 1963) . U-sparaf- 
finic hydrocarbons have been isolated from rose petal wax (Waldron et a1 

and certain plants (Eglinton and Hamilton, 1963). 

been isolated from a California naphtha (iindemam aid h i s ,  190@), tobacco 

- 
" _ _  

- 

1961) 

Iso- and anteiso-alkanes have 
- -* * 

- 
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leaf wax (Carruthers and .Johnston, 1959), wool wax (Mold -* et a1 ’ 1963b, 1964; 
Downing et a1 An ante- 

iso-paraffin has also been isolated from the American cockroach (Saker et al., 

1963) . 
l960), and Cubcan suyar cane wax (Som et al., 1964). - - -* ’ 

- 

The isoprenoids, normal alkanes and iso- ,md anteiso-alkanes represent - 
four homolozies which arc coilunon t o  both extractives o€ I’recmbrian sediments 

and contemporary plants rind animals. 

terms of known biological mechanisms. 

Their synthesis may be understood in 

The fifth homology, the cyclohexyl-normal-alkanes, reported in Table 11, 

is of interest because therc is one tentative identification only of members 

of this series from contemporary plant sources (Kuksis, 1964), although the 

series has been reported in the Athabasca petroleum deposit (Nagy and Gagnon, 

1961), and in paraffin wax (Levy et a1 

schein, 1963),  they have been reportcd on the basis of a broad mass spectral 

analysis, but no specific member has been isolated. 

homology derives from the unsaturated fatty acid components of the original 

lipids, becoming saturated by an intramolecular cyclization, 

fatty acids are known in nature ranging from C7 to C22 in chain length, and 

more commonly the double bond is found in the Cg to C7 position, although 

some are known where it is located in thc C8 to C9 position (IJeitkamp et&., 

1947). 

decenoic and 10-undecenoic acids, but this series is neither well-distributed 

1961). Elsewhere in nature (Fkin- - -* 

\\le suggest that this 

Flono-olef inic 

Terminal mono-olefinic fatty acids are also known, f o r  example 9- 

nor conveniently converted to the end hydrocarbons by rational processes. 



We appreciate the  generosity of hfr. R. D. Matthews for  h i s  sample 

of the Antrim shale, Dr. L. P. L i n d e m  for  h i s  sample of the San 

Joaquin o i l ,  and k-. E. €1. Bailey and Prof. Preston E. Cloud, Jr. 

fo r  their samples of the Abbott Rock o i l  and the  Soudan shale,  respec- 

t ive ly ,  and f o r  invaluable discussions about these samples. 

spectra were detennined by Eiiss Sherri  Firth. 

B. J.) thanks the  University of Melbourne, Australia, for  the Leave 

of Absence during which this work was carr ied out (1964-65). 

work was supported, i n  part, by the  National Aeronautics C; Space Ad- 

ministration (NsG-101-61) and by the U. s. Atomic Fnergy Commission. 

A l l  mass 

One of the authors (R. 

This 



Several shales and o i l s  ranging i n  age from 3 million t o  2.7 

b i l l i o n  years have been investigated fo r  their hydrocarbon content 

using gas chromatography and mass spectrometry as primary analyt ical  

tools. From the Soudan Shale from ?linnesota (2.7 x 10 years) the 9 

C18, C19, C20 'and C21 isoprenoid-alkanes were obtained, 

Shale from Nichigan (about 265 x lo6  years) yielded the C16, C18, 

C19, Cz0 and CZ1 isopreniods, as wcll as a C16 &-alkane and the 

C18 and CI9 cyclohexyl - n-alkanes. The San <Joaquin O i l  (30 x lo6  

years) and  the Abbot Rock O i l  ( 3  x l o6  years) contained the C16, 

ClS, C,9, Cz0 and the C18, CI9, C20 and CZ1 isoprenoids respectively. 

In addition, a series of - iso-alkanes (c16'c18), anteiso-alkanes (C16- 

C18) and n-alkyl-cyclohex<mes - (ClO-Clg) as well as a CZ1 isoprenoid 

were obtained from the Nonesuch Seep O i l  (1 x l o9  years). 

The Antrim 

This ana- 

l y s i s  provides a comprehensive picture  of the types of biogenic hydro- 

carbons found i n  o i l s  and shales of widely d i f fe r ing  ages, and in  pnr-  

t i c u l a r ,  the finding of isoprenoid alkanes i n  the Soudan Shale fur- 

nishes evidence fo r  l i f e  processes a t  t h a t  period of geological time. 



SAMPLE 

TABLE I 

PER(=ENTAL;E WOSITIm 

Carbcm Content 8 .8  0.4 3.2 5 .2  

Sulphur Content co.1 C O . 1  <0.1 25.3 

Solvent Extract ab le 
Content of Rock 110 -46 0.03-0.1 110.05 1.0.39 

Extractables Soluble 
in n-Heptane 1135 -90 1199 20.25 

Identif ied Isaprenoids in 
Branched-Cyclic Alkanes *€ .63 -1.8 113.3 

Normal Alkanes 25-33 -37 117.5 

‘16 

c1 8 

c19 

c20 

c21 

ISOPRENOID OF BRANCHED-CYCLIC ALKANES 

0.45 0.32 

0.46 0.40 

0.27 0.54 

0.23 0.30 

0.19 0.20 

na25  

0.75 

1.25 

0.75 

0.25 
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Figure I a) Cas Chromatogram of Nonesuch Shale 
Branched-Cyclic Alkane Fraction 

b) 

c) 

Cas Chromatogram of Fraction C1 

Cas Chromatogram of Fraction C2 





Figure I1 a) Gas Chromatogram of So- Surface 
Sample (1) 

b) Gas Chromatogram of Soudan Nine 
Sample (11) 





Figure I11 Gas Chromatograms of Surface So* Shale 
Sample (11 
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Figure IV Mass Spectrum of Soudan Shale CI8 Isoprenoid 

Figure V kss Spectrum of Soudan Shale CI9 Isoprenoid 

Figure VI Mass. Spectrum of Soudan %&le C20 Isopreniod 

Figure VI1 Mass Spectrum of Soudan Shale C21 Isopreniod 
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Figure VI11 Mass Spectrum of Authentic Pristane 

Figure IX Mass Spectrum of Authentic Phytane 
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Figure X Camparison of Gas Chronatograms of the Branched-Cyclic 
Alkane Fractions of Anrrim, Nonesuch and Sudan 
Shales b 
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Figure XI 

Figure XI1 Mass Spectrum of Authentic C16 n-Decyl - Cyclohexane 

Figure XI11 Mass Spectrum of Nonesuch Seep Oil C,,~-Alkyl 

%ss Spectm of Nonesuch Seep Oil CZ1 Isoprenoid 

Cyclohexane 

Figure XIV Mass Spectrum of Nonesuch Seep Oil C n-Alkyl Cyclohexane 17 - 
Figure XV Mass Spectrum of Nonesuch Seep Oil CI8p-Alkyl 

Cyclohexane 

Figure XVI Mass Spectrum of Nonesuch Seep Oil C, n-Alkyl 
Cyclohexane e- 
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Figure XVII Mass Spectrum of Authentic c16 k - A l k a n e  

Figure XVIII Mass Spectrum of Nonesuch Seep O i l  c16 --Alkane 

Figure WX Mass Spectrum of Nonesuch Seep O i l  C1, Lo-Alkane 

Figure XX Mass Spectrum of Nonesuch Seep O i l  C18 m-Alkane 
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Figure XXI Mass Spectrum of Nonesuch Seep Oil C16 Anteiso-Alkane 

Figure XXII Mass Spectrum of Nonesuch Seep Oil CI7 hteisQ-Alkane 

Figure XXIII Mass Spectrum of Nonesuch Seep Oil CI8 Anteiso-Alkane 

Figure XXIV Nass Spectrum of Authentic C21Anteiso-Alkane 
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Figure XXV Cas Chromatograms of Antrim Shale 
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Figure XxVI Mass Spectrum of Antrim Shale c16 Isoprenoid 

Figure XXVII Mass Spectrum of Antrim Shale C18 1soprend.I~ 

Figure XXVIII Mass Spectrum of Antrim Shale CI9 Isopreno&dp 

Figure XXIX a s s  Spectm of Antrim Shale Cz0 Isoprenoid 

Figure XXX Mass Spectrum of Antrim Shale CZ1 Isoprenoid 

Figure XXXI Mass Spectrum of Antrim Shaie XixZ-iiie ef C18 
and C1g Alkyl Cyclohexanes 

Figure XXXII Mass Spectrum of Antrim Shale C16-Alkane 
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Figure XXXIII Gas Chromatogram of San Joaquin Oil 
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Figure XXWV Mass Spectrum of Sari Joaquin O i l  C Isoprenoid 

Figure XXXV Mass Spctnrm of San Jo;iqUin Oil CI8 Isoprenoid 

Figure XXXVI Mass Spectrum of San Joaquin Oil C19 Isoprenoid 

Figure XWvTI X s s  S p e t t r !  of San Joaquin O i l  Cz0 Isoprenoid 

16 
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Figure XXXVIII Gas Chromatograms of Abbott Rock O i l  
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Figure XXXIX Mass Spectrum of Abbott Rock Oil CI8 Isoprenoid 

Figure XL Mass Spectrum of Abbott Rock Oil C19 Isoprenoid 

Figure XLI Mass Spectrum of Abbott Rock Oil Cz0 Isoprenoid 

Figure XLII M s  Spctmn of Abbott Rock Oil CZ1 Isoprenoid 
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Figure XLIII Gas Chmnatogram of Colorado Green River Shale 
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Figure XLIV Relative Distribution of n-Alkanes 
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